Recently, genomics analyses have demonstrated that alternative splicing is widespread in mammalian genomes (30-60% of genes reported to have multiple isoforms), and may be one of their most important mechanisms of functional regulation. However, by comparison with other genomics data such as genome annotation, SNPs, or gene expression, there exists relatively little database infrastructure for the study of alternative splicing. We have constructed an online database ASAP (the Alternative Splicing Annotation Project) for biologists to access and mine the enormous wealth of alternative splicing information coming from genomics and proteomics. ASAP is based on genome-wide analyses of alternative splicing in human (30 793 alternative splice relationships found) from detailed alignment of expressed sequences onto the genomic sequence. ASAP provides precise gene exon-intron structure, alternative splicing, tissue specificity of alternative splice forms, and protein isoform sequences resulting from alternative splicing. Moreover, it can help biologists design probe sequences for distinguishing specific mRNA isoforms. ASAP is intended to be a community resource for collaborative annotation of alternative splice forms, their regulation, and biological functions. The URL for ASAP is http://www.bioinformatics.ucla.edu/ASAP.
INTRODUCTION
Alternative splicing has recently emerged as a major mechanism for expanding and regulating the repertoire of gene functions (1) . Previously considered to be an unusual event (estimated to occur in 5% of genes) (2) , it has recently been identified in 30-60% of mammalian genes by large-scale genomics studies (3) (4) (5) (6) (7) (8) . If alternative splicing plays a large and important role in gene function regulation, many new questions will need to be answered (9) . What is the total set of mRNA isoforms in different tissues for human, mouse and other organisms? How are these alternative splice forms regulated? Can the corresponding protein isoforms be detected and distinguished? What infrastructure is needed for high-throughput detection and quantitation of mRNA and protein isoforms, [e.g. using microarrays (10, 11) and massspectrometry]? Most importantly, how can we establish a unified community mechanism for functional annotation of alternative splice forms?
These questions require major new database infrastructure for supporting the alternative splicing research community. There is an enormous gap between the relatively small amount of detailed biochemical studies of alternative splicing (compared with the enormous amount of work on transcriptional regulation), and the recent rapid growth in alternative splicing data generated by high-throughput genomics studies. For example, tissue specificities for only a small number of alternatively spliced genes (about 50) are listed in current alternative splicing databases (12, 13) , and mechanisms of alternative splicing regulation have been studied in only a small number of genes (14) . By contrast, a recent genomics study identified 667-2873 tissue-specific alternative splice relationships in human genes (15) . These high-throughput data could be useful to many biologists, leading to a rapid expansion in alternative splicing research, if there were a community annotation database similar to those that have been successful for gene annotation [e.g. GenBank (16) ] and genetic polymorphism [e.g. dbSNP (17) ].
What is needed for an alternative splicing community annotation database? First, it must bridge the gap between the enormous amount of high-throughput data and scientists who focus on specific genes or mechanistic studies. It must provide the genomics results in a form that is readily searchable and intelligible at a glance. Second, it should allow biologists to evaluate the detailed experimental evidence for each alternative splice form, and provide them with tools for probe design for distinguishing specific isoforms in their own experiments. Third, it should show the specific effects of alternative splicing on fulllength protein isoform sequences, providing biochemists with useful functional predictions (such as detecting removal of a protein functional domain or localization signal). Fourth, it should provide information on regulation and tissue specificity of these isoforms, which can be useful both for mechanistic studies of splicing regulation, and for suggesting biological function. In the long run, it must enable researchers to deposit their own annotations of alternative splice forms (such as results from probing for specific isoforms in different tissues, or functional assays of different isoforms' effects). The biological functions of alternative splice forms can only be determined by *To whom correspondence should be addressed. Tel: þ1 3108257374; Fax: þ1 3102670248; Email: leec@mbi.ucla.edu experimental studies from the entire research community. Currently, in the absence of such a community annotation database, this information is not being captured in a usable form, and there is no single database where one can find answers to these questions. Instead, one's only recourse is to search and read the original literature, which is practical only for small numbers of genes.
Here, we describe the Alternative Splicing Annotation Project database (ASAP, http://www.bioinformatics.ucla.edu/ ASAP), an outgrowth of our previous Human Alternative Splicing Database [HASDB (8) ]. ASAP is the largest human alternative splicing database available, and is expanding to other genomes. It provides information on gene structure, alternative splicing, tissue specificity, and protein isoforms.
RESULTS

Viewing alternative splicing data in ASAP
ASAP can be searched by several different criteria such as gene name, keywords, ID [UniGene (18) , GenBank (16), etc.], alternative splice type, confidence level, and tissue specificity ( Fig. 1, see tag #6 ). It provides both graphical and table views of the alternative splicing results. The Graphical views show the 'big picture' of alternative splicing in a gene, in a form that is easily comprehensible at a glance. For example, the Gene view ( Fig. 1) shows the detailed gene structure of exon and introns, with observed splicing patterns and inferred full-length isoforms. Alternative splice relationships are highlighted in red. Each feature of these Graphical views (e.g. splices, exons, isoforms) can be clicked on to 'drill down' to more specific data. As another example, the Transcript view shows the mapping of exons and the translated protein sequence for each isoform, allowing the user to easily see the relationship between gene structure, alternative splicing, and protein isoforms. These Graphical views are particularly useful for biologists who want to check a gene of interest for novel alternative splice forms and their impact. For users who wish to probe into the most detailed aspects of these data, the Screenshot of ASAP's gene view for transcobalamin I, and sequence view for its second exon. Each view has a title bar (tag #1); left menu (tag #2) that switches between various views for the current object; right menu (tag #3) that controls what view is shown when the user clicks on a feature; and maximize/split button (tag #4) that toggles between maximizing the view to fill the whole browser window, or splitting it into two views so the user can click on a feature in the upper view and see its detailed results in the lower view (tag #5). New searches, help, and additional information are available from the navigation bar (tag #6).
One major emphasis of ASAP is on the detailed experimental evidence for each splice form. Possible alternative splices in expressed sequences are first validated by mapping to a specific genomic location by strict alignment criteria, and careful verification of the implied splice sites in the genomic sequence (8) . Second, ASAP restricts alternative splicing to a very specific pattern: two observed splices that match exactly at one splice site, but differ at their opposite sites. This excludes many kinds of possible artifacts such as incomplete mRNA processing (8) . This definition includes alternative splicing types such as alternative 3 0 , alternative 5 0 , exon skip and mutually exclusive exons, but not other events such as intron retention. We are extending ASAP to report additional types of alternative transcript forms. ASAP's Alignment view shows the detailed splice sites and evidence of mRNA-ESTgenomic sequence alignment for each splice. ASAP's Table Views enable easy browsing and drill-down for the statistics of this evidence. ASAP's gene structures have been extensively validated by comparison with NCBI Assembly (8) , and its detection of splice form tissue-specificity has been validated by comparison with independent literature (15) . ASAP currently restricts its Graphical Views to alternative splicing events that appear to produce full-length protein products as judged by several criteria. This filters out some alternative splicing events that may be experimental artifacts, and which are of less immediate interest to most biologists. To view all detected alternative splices regardless of their apparent impact on the protein product, users can query the Table Views. We also provide an advanced search where users can query by alternative splice type or confidence level.
By clicking the maximize/split button (Fig. 1, tag #4 ) the user can choose to see one view (maximized mode) or two views (split mode) simultaneously on the same page. The split mode can be used to see detailed information in one view while keeping the 'big picture' context in the other view (Fig. 1) . Menus on the title bar (at the top of each view) navigate through the various views. Its left menu (tag #2) toggles between different views for the current object, while the right menu (tag #3) controls what view will be shown when the user clicks on specific objects in the window. For example, if the right menu is set to 'Sequence View', clicking on an exon displays its sequence (tag #5).
ASAP data statistics
ASAP was launched in August 2002
, and currently provides alternative splicing data for human genes. Genome-wide analyses of several other organisms (mouse, Arabidopsis, etc.) are ongoing. In general, ASAP will seek to include data for all genomes as they become available. ASAP's current dataset has 18 173 genes with more than one exon, with a total of 30 793 total alternative splice relationships in 7991 human genes (Table 1) . These results are about four-fold larger than our results from one year before (8) , demonstrating the continuing rapid growth in the raw genomics data. Approximately, half of these alternative splices are supported by multiple EST or mRNA observations. Moreover, 86% are detectible only in EST sequences (as opposed to humancurated mRNA sequences) and thus are likely to be novel.
Tissue specificity of alternative splicing
ASAP also provides results from a genome-wide analysis of tissue specificity of human alternative splice forms (15) . A total of 667 tissue-specific alternative splice relationships were found at high confidence (Table 1) . These tissue specificity data were detected as individual splices preferred (major form) in one tissue, and not preferred (i.e. absent, or the minor form) in the set of all other tissues. The largest categories of tissuespecific splice forms are brain, testis, skin, and lymph. For each tissue-specific splice form, the user can request the detailed evidence that is regulated in a tissue-specific manner. This includes a tissue-specificity (TS) score, robustness score [see (15) for details], counts of EST observations of this splice and other splice forms in the tissue of interest versus the pool of other tissues. The user can click to see the specific cDNA clone and library preparation information for each EST. In ASAP, tissue-specificity information is divided into two user-selectable categories: a high-confidence group designed to avoid false positives (but potentially missing many real Tabulation of the number of splices and number of distinct UniGene clusters in which they were observed from the total dataset (all), and clusters containing partial and/or full-length mRNAs (genes with mRNA). Percentages are given for the fraction of gene clusters successfully mapped by our procedure (8) to the January 2002 draft human genome sequence (mapped to draft genome); the fraction of mapped gene clusters observed to contain at least one splice (detected splices); the fraction of gene clusters containing isoforms, out of the total observed to contain at least one splice (isoforms); the fraction of gene clusters containing alternative splices, out of the total observed to contain at least one splice (alternative splicing relationships); the fraction of gene clusters containing tissue specific alternative splices, out of the total observed to contain alternative splices (tissue specific alternative splice); and the subset of tissue specific alternative splices that were observed with high confidence (high confidence).
tissue-specific forms), and a larger low-confidence group that indicates many more potential tissue-specific splices. When a sample of the high-confidence set was checked against independent literature, a high fraction (8/10) of the tissuespecificities were confirmed by independent data (15) .
Protein analysis
Biologists want to go from experimental detection of an alternative splice, to its effect on full-length protein sequence. ASAP makes this connection easy, by providing protein isoform sequences for each splice form. Since ASAP uses EST alignment to genomic sequence for alternative splice detection, this furnishes exact sequence information for the sequence changes it causes, in many cases suggesting a clearly interpretable functional effect. Each protein translation is generated from the human genomic sequence, using an exonintron structure determined from EST and mRNA transcript data. By contrast, northern blot, PCR-based, or microarray hybridization-based methods do not directly read out the sequence of a novel form as sequencing does, and instead would require other means to infer its sequence. Knowing the exact sequence change that an alternative splice produces is the difference between simply having a new 'band on a gel', versus being able to apply the full resources of sequence analysis and available literature to interpreting its likely functional impact.
Experimental splice detection resources
The purpose of our alternative splicing database is to help researchers identify interesting isoforms for further experimental study. To facilitate design of new experiments, ASAP provides exon sequences that can be utilized for generation of probes. It also provides predicted mRNA and protein isoform sequences for PCR-based detection strategies, and lists of tissues in which each splice has been observed. While many further experimental approaches (such as protein mass spectrometry) are needed for studying alternative splicing and its functional importance, these features may help many researchers make a direct step from finding novel isoforms in ASAP to investigating them rapidly in the lab. We hope to add further experimental linkages and utilities to ASAP over time.
Future directions
The long-term purpose of ASAP is to provide a community annotation resource, enabling biologists to deposit their own data and functional annotations for alternative splice forms. To this end, a number of features will be added to ASAP. The database will be expanded to include alternative splicing information for other organisms (mouse, Arabidopsis, Drosophila, etc.). ASAP will provide predictions of specific isoform sizes for detection by northern or western blot along with comprehensive analysis of the impact of alternative splicing on protein functional domains. Once a researcher identifies a particular alternative splicing relationship, ASAP will generate a set of oligo probe designs to quantitate these isoforms. Researchers will then be allowed to deposit their own annotations on experimental testing of these isoforms and their functional effects. Long term, we hope that ASAP can become a community repository for functional annotation, based on open participation, oversight, and curation by members of the research community.
CONCLUSION
ASAP can be useful to biologists in several ways. Our comparisons with published literature suggest that up to 78% of our tissue specificity findings are novel (15) . These data can furnish biologists with many new functional insights into well-studied genes (by identifying a novel tissue-specific splice form), which can be of great interest for further experimental study. Our data can also provide interesting functional suggestions for unknown genes, since observation of tissuespecificity (combined with other information such as homology) may itself suggest fruitful directions for research. Finally, researchers who study regulation of splicing can benefit from this large, searchable database of tissue-specific alternative splicing spanning many distinct tissue types.
